Utilization of hydroxy-L-proline (L-Hyp) in Pseudomonas aeruginosa requires conversion of L-Hyp to D-Hyp followed by the D-Hyp dehydrogenase pathway; however, the molecular mechanism in control of L-Hyp catabolism and transport was not clear. DNA microarray analysis revealed twelve genes in two adjacent loci that were induced by exogenous L-Hyp and D-Hyp. The first locus includes lhpABFE encoding a Hyp epimerase (LhpA) and D-Hyp dehydrogenase (LhpBEF), while the second locus codes for a putative ABC transporter (LhpPMNO), a protein of unknown function (LhpH), Hyp/Pro racemase (LhpK) and two enzymes in L-Hyp catabolism (LhpC and LhpG). Proximal to these two loci, lhpR encodes a transcriptional regulator of the AraC family. The importance of these genes on L-Hyp catabolism was supported by growth phenotype analysis on knockout mutants. Induction of the lhpA and lhpP promoters by exogenous L-Hyp and D-Hyp was demonstrated by the measurement of b-galactosidase activities from promoter-lacZ fusions in PAO1, and no induction could be detected in the DlhpR mutant. Induction of the lhpA promoter by D-Hyp was completely abolished in the lhpA lhpK double mutant devoid of two epimerases, while the induction effect of L-Hyp remained unchanged. The purified His-tagged LhpR binds specifically to the lhp promoter regions, and formation of nucleoprotein complexes is affected by the presence of L-Hyp but not D-Hyp. Putative LhpR binding sites were deduced from serial deletions and comparative genomic sequence analysis. In summary, expression of lhp genes for Hyp catabolism and uptake requires the transcriptional activator LhpR and L-Hyp as the signalling compound.
INTRODUCTION
L-Hydroxyproline (L-Hyp) exists as a major non-proteinogenic amino acid in mammals, mainly in collagens as a result of post-translational modification of proline residues by prolyl hydroxylase (Gorres & Raines, 2010; Hudson & Eyre, 2013) . Depending on the nature of prolyl hydroxylase, the resulting products can be either 4-L-Hyp or 3-L-Hyp. When released from collagen decomposition, L-Hyp may serve as a rich source of carbon and nitrogen. Some bacteria, including Pseudomonas aeruginosa, were able to grow rapidly on 4-L-Hyp as the sole source of carbon and nitrogen, and the corresponding catabolic pathway (Adams & Frank, 1980; Satomura et al., 2015; Watanabe et al., 2012; White et al., 2012) has been elucidated at the molecular level recently. The proposed pathway involves four enzymatic steps to convert 4-L-Hyp to a-ketoglutarate, an intermediate of the tricarboxylic acid cycle. As shown in Fig. 1 , the proposed pathway in P. aeruginosa starts with conversion of L-Hyp to D-Hyp by an epimerase LhpA, followed by oxidation to D1-pyrolline-4R-hydroxyl-2-carboxylate by D-Hyp dehydrogenase LhpBEF, which is subsequently converted to a-ketoglutarate by the LhpC deaminase and the LhpG aldehyde dehydrogenase (Watanabe et al., 2012) .
Detailed characterization of 3-L-Hyp catabolism in Azospirullum brasilense has been reported by S. Watanabe and coworkers (Watanabe et al., 2014) . In the proposed pathway, 3-L-Hyp was converted to L-proline (Pro) by two enzymes, 3-L-Hyp dehydratase (LhpH) and D 1 -pyrroline-2-carboxylate reductase (LhpI). This bacterium can grow on both 3-L-Hyp and 4-L-Hyp as a sole carbon source, and the expression of catabolic enzymes is subjected to differential induction by these two amino acids. Interestingly, LhpH is homologous to a human counterpart (Visser et al., 2012) that belongs to a family of proline racemase-like enzymes, and disruption of LhpI led to growth defects on 3-L-Hyp, D-Pro and D-Lys due to broad substrate specificity.
In plants, glycoproteins rich in L-Hyp can be found in cell walls and root nodules (Benhamou et al., 1991) . The legume endosymbiont Sinorhizobium meliloti grows rapidly on L-Hyp as a sole source of carbon and nitrogen, wherein fourteen genes in five transcriptional units for L-Hyp transport, catabolism and regulation in this organism have been characterized. Uptake of Hyp is mediated by an ABC transporter, and deletion of this uptake system results in poor growth on 4-L-Hyp (Maclean et al., 2009) . Expression of these gene clusters is subjected to negative control by the HypR repressor and 4-D-Hyp as the effector (White et al., 2012) .
The lhp genes encoding enzymes in L-Hyp catabolism, along with several other uncharacterized genes, are located in two adjacent gene clusters on the chromosome of P. aeruginosa PAO1. These genes encode a putative transport system, transcriptional regulators and enzymes that might be related to L-Hyp uptake, catabolism and regulation. In this study, we conducted transcriptome analysis to identify genes in this region that are specifically induced by L-Hyp as well as growth phenotype analysis of knockout mutants to narrow down genes essential for growth on L-Hyp. Expression of these lhp genes from two promoters was subjected to detailed characterization in response to exogenous L-Hyp, D-Hyp, epimerization and the transcriptional regulator LhpR.
METHODS
Strains and growth conditions. The bacterial strains and plasmids constructed and applied in this study are listed in Table 1 . Luria-Bertani (LB) broth was used for bacterial growth with the following supplements as indicated: ampicillin at 100 µg ml
À1
, carbenicillin at 100 µg ml À1 , gentamicin at 50 µg ml À1 and tetracycline at 15 µg ml
. Minimal medium P (MMP) supplemented with specific carbon sources and nitrogen sources was used for the growth of P. aeruginosa (Haas et al., 1977) . Unless specified, mutant strains with a single lesion by transposon insertion in this study (see Table 3 ) were obtained from the stock centre at the University of Washington, Seattle (Jacobs et al., 2003) , and the transposon insertion was confirmed by PCR.
Construction of knockout mutants. For the lphA and lphK double mutant PAO5568, two flanking regions of lphK containing the following synthetic oligonucleotides designed to generate the BamHI, HindIII or SacI, the restriction sites were PCR amplified from the PAO1 genomic DNA with the following primers: 5¢-TAT GGA TCC TCG GCA TCG TCT TCC AGC AGTG-3¢, 5¢-TAT GAG CTC GCG AAC GCA TGG CTA TCT CCT GTG-3¢, 5¢-TAT GAG CTC CGG CGG CCA CTG CTG ACC AC-3¢, and 5¢-TAT AAG CTT TGC GGA AAT GCT CGG CGG TCTC-3¢. The PCR products were digested by appropriate restriction endonucleases, and cloned into a conjugation vector, pRTP2 (Li & Lu, 2009 ) with a gentamicin resistance cassette from pPS856 (Hoang et al., 1998) cloned in between the two PCR fragments. For gene replacement, the resulting plasmid carried by Escherichia coli SM10 was introduced into a spontaneous streptomycin-resistant mutant of PW3291 by biparental mating. Following incubation at 37 C for 6 h, trans-conjugants were selected on LB plates supplemented with streptomycin (500 µg ml
) and gentamicin (100 µg ml
). PCR was applied to confirm the correct deletion mutant.
Transcriptome analysis. PAO1 was grown in MMP media with 10 mM L-glutamate (Glu) and 5 mM L-Hyp or D-Hyp. Cells in exponential growth phase were harvested and RNA samples were extracted from cells with RNeasy Plus Mini Kit (Qiagen). According to the protocol of Affymetrix, cDNA was synthesized, fragmented and labelled. Labelled cDNA was used for GeneChip Microarrays with P. aeruginosa Genome Array. Data were collected and analysed by comparing gene expression by hydroxyproline to that by L-Glu following the same parameters as described previously (Chou et al., 2008) . Data were processed by Microarray Suite 5.0 software, normalizing the absolute expression signal values of all chips to a target intensity of 500. Only genes showing consistent expression profiles in duplicates were selected for further analysis. All GeneChip data used by this study have been deposited with the NCBI database (GEO accession numbers GSE73244, GSE76493, GSE9926 and GSE46603).
Construction of lacZ fusions. For the construction of lhpP::lacZ fusion pQLP1, the DNA fragment covering 280 bp upstream and 9 bp downstream of the lhpP initiation codon was PCR amplified from the genomic DNA of P. aeruginosa PAO1 using the following two primers: 5¢-ATA TGG ATC CAT CGC CAG CCC CGA AAA GCG TAA CGC-3¢, 5¢-ATA TAA GCT TGG TAT TCA TGG GGG CCT CTG GC-3¢. For construction of the lhpA::lacZ fusion pQLA1, the DNA fragment covering 216 bp upstream and 100 bp downstream of the lphA initiation codon was amplified by the following primers: 5¢-GGT GGA TCC CGG CGA TGC CGA ACG GGC CG-3¢, 5¢-GGT AAG CTT GCT CAG CCA TGT CGC CCT GG-3¢. PCR products were digested with specific restriction enzymes and then ligated to pQF50 (Farinha & Kropinski, 1990) , cut with BamHI and HindIII. Plasmids with serial deletions from the full-length inserts were constructed by the same approach with specific primers.
Expression and purification of hexa-histidine-tagged LhpR.
The open reading frame encoding LhpR was amplified by PCR from genomic DNA of PAO1 using primers containing appropriate restriction enzyme sites: 5¢-TAT ATG CTG GCG CGG TCC CC-3¢, 5¢-TAT AAA GCT TTT ACG CTT TTC GGG GCT GGC-3¢. The amplified PCR product was subcloned into SmaI-HindIII sites in pBAD-HisD (Chou et al., 2010) . The resulting plasmid pBAD-lhpR was introduced into E.
The proposed pathway of L-hydroxyproline catabolism in P. aeruginosa. LhpA and LhpK, epimerase; LhpBEF, FAD-dependent dehydrogenase; LhpC, deaminase; LhpH, putative dehydratase; LhpG, NADP-dependent dehydrogenase.
coli Top10 (Invitrogen) for the overexpression of an N-terminal histidine-tagged LhpR. The overnight culture of Top10 (15 ml) containing the recombinant plasmid in LB broth with 50 µg ml À1 carbenicillin was used to inoculate into the pre-warmed fresh broth (1.5 L). For overexpression, L-arabinose (0.2 %; final conc.) was added to the culture when the OD 600 was approximately 0.4 to 0.6. After vigorous shaking for 4 h at 37 C, cells were harvested by centrifugation and stored at À80 C until use.
The cell pellet was suspended in a buffer solution containing 20 mM Tris-HCl (pH 7.5). Cell extract was prepared by cell lysis with a French Press followed by centrifugation at 20 000 g for 30 min at 4 C. The recombinant histidine-tagged LhpR was purified from a HisTrap HP column (GE Health Care) following the protocol as suggested by the manufacturer. Fractions through the column were analysed by SDS-PAGE and protein concentration was determined by the method of Bradford (Kruger, 1994) .
Electrophoretic mobility shift assay (EMSA). The protocol as described in the previous report (Li & Lu, 2009 ) was followed with minor modifications. The DNA probes (0.2 ng µl
) were allowed to interact with different concentrations of LhpR in the reaction buffer containing 50 mM Tris-Cl (pH 7.5), 50 mM KCl, 1 mM EDTA, 5 % (vol/vol) glycerol, 4 mM dithiothreitol (DTT), and 200 µg ml À1 acetylated bovine serum albumin. After incubation for 10 min at room temperature, 20 µl of each reaction mixture was loaded on a polyacrylamide gel (6 %) in Tris/borate-EDTA buffer (pH 8.7). The gels were stained with SYBR Gold solution (Invitrogen) for 20 min, washed twice with deionized H 2 O and scanned.
RESULTS

DNA microarrays analysis
P. aeruginosa PAO1 can grow on L-Hyp and D-Hyp as the sole source of carbon and nitrogen. To identify genes that may participate in the metabolism of these two amino acids, we conducted DNA microarray experiments on the wild-type strain PAO1 grown in glutamate minimal medium in the absence and presence of L-Hyp or D-Hyp. The expression profile under each test condition was compared to that in L-Glu, and the genes that displayed over three-fold induction with significant signal levels in duplicates were selected for further analyses. As shown in Table 2 , a total of 12 genes located in the same locus were found significantly induced by both compounds. Among these genes, lhpA, lhpBEF, lhpC and lhpG have been reported (Watanabe et al., 2012) to code for four enzymes in the proposed catabolic pathway of L-Hyp (Fig. 1) . The lhpPMNO genes encode components for a putative ABC transporter. Between lhpP and lhpM, the PA1259 gene encoding a hypothetical enzyme of the aconitase/dehydratase family was designated as lhpH. The PA1255 gene following lhpPHMNO codes for a putative amino acid racemase, and was designated as lhpK here in this study. The peptide encoded by the stand-alone PA1252 gene exhibited moderate sequence similarity to DpkA of P. putida KT2440 that has been reported as an NADP-dependent D1-piperideine-2-carboxylate/D1-pyrroline-2-carboxylate reductase in the catabolism of D-lysine and D-proline (Muramatsu et al., 2005) . Also listed in the table were PA1261 (lhpR) and PA1269 encoding two transcriptional regulators, although they were not induced by L-Hyp or D-Hyp.
Growth phenotypes
To investigate the physiological functions of genes in the PA1252-PA1269 locus on hydroxyproline utilization, knockout mutants of all these genes were requested (University of Washington) to test the growth phenotypes on Hyp and Pro as sole nitrogen or sole carbon and nitrogen source. To minimize the potential polar effect by transposon insertion, the original design of this recombinant transposon includes a strong outward promoter on one end of the transposon that may serve to transcribe the downstream genes in the same transcriptional direction. As shown in Table 3 , those mutants obtained from the stock centre possess the transposon inserted in different orientations. It is possible that the observed growth phenotypes on some of these mutants might be the results of a polar effect on the downstream genes. Therefore, those mutants with the growth phenotype in question were subjected to complementation tests by a recombinant plasmid where the wildtype allele of interest was cloned and expressed by the lac promoter in pUCP18, followed by the growth phenotype analysis.
As summarized from the results shown in Table 3 , the lhpA, lhpBE, and lhpC genes encoding the first three enzymes in Hyp catabolism (Fig. 1) The physiological function of the LhpPMNO ABC transporter on L-Hyp utilization in P. aeruginosa PAO1 and PAO14 has been reported previously (Johnson et al., 2008) . Among mutants of lhpPMNO genes, the lhpO mutant In addition, the lhpH and the lhpR mutants also displayed growth defect on D-Hyp and L-Hyp. The function of LhpR as the transcriptional regulator of lhp gene expression was subjected to further characterization as described later. We were not able to draw any conclusion regarding the potential role of lhpH on Hyp catabolism as the observed growth defect of the lhpH mutant was complicated by a polar effect on the downstream genes in Hyp uptake and catabolism.
None of these aforementioned mutants seemed to affect D-Pro and L-Pro utilization. On the contrary, the dpkA mutant lost the ability to grow on D-Pro as the sole nitrogen source, and this growth defect was complemented by the dkpA clone. This result was consistent with the reported functions of dkpA in P. putida (Muramatsu et al., 2005) .
Promoter induction by hydroxyproline
The lhp genes inducible by exogenous D-Hyp and L-Hyp (Table 2) were arranged into two putative operons, lhpA-BEF and lhpPHMNOKCG. To verify the effects of Hyp and Pro on the expression of these genes, the lhpA ::lacZ and lhpP::lacZ fusion plasmids were constructed (pQLA1 and pQLP1; Fig. 2 ) to test the promoter activities in the wildtype strain PAO1. As shown in Fig. 3 , the lhpA::lacZ fusion indeed exhibited promoter activities that were inducible by D-Hyp and L-Hyp; no induction could be detected by either D-Pro or L-Pro (data not shown). As described in a separate section below, a similar expression pattern was also observed for the lhpP promoter although it had a much higher basal level of expression in the absence of Hyp. As negative control, we also constructed the PA1269::lacZ fusion, and this promoter was not subjected to regulation by any of the amino acids tested (data not shown).
Effects of lhpR, lhpA and lhpK mutations on promoter activation
The lhpR gene codes for a putative transcriptional regulator of the AraC family, and the DlhpR mutant was not able to grow on D-Hyp or L-Hyp as the sole source of nitrogen and/ or carbon. To test the hypothesis that LhpR participates in control of the lhp operons, expression profiling of the lhpA :: lacZ fusion was measured in the lhpR mutant. As shown in Fig. 3 , the lhpA promoter was not subjected to induction by exogenous D-Hyp and L-Hyp in the lhpR mutant, supporting the hypothesis that LhpR is a transcriptional activator of the lhpA promoter in response to D-Hyp or L-Hyp as potential effector molecule.
To identify the effector molecule of LhpR, the lhpA promoter activities were also measured in the DlhpA and DlhpK single mutant as well as the DlhpA DlhpK double mutant. In the proposed pathway for Hyp catabolism, L-Hyp is first converted into D-Hyp by epimerization. While LhpA has been reported as the Hyp epimerase (Watanabe et al., 2014) , LhpK was annotated as proline racemase (Winsor et al., 2016) . As shown in Fig. 3 , the induction effect of exogenous L-Hyp on the lhpA promoter was retained in these three mutants, but the lhpA promoter was found inducible by exogenous D-Hyp in the single mutants but not so in the DlhpA DlhpK double mutant. These results suggested that L-Hyp is the effector molecule of LhpR, and that both LhpA and LhpK may serve as the epimerase in the conversion of D-Hyp to L-Hyp in order to activate the lhp operons.
The DNA-binding activity of LhpR
To further support the hypothesis that LhpR serves as the transcriptional activator of lhp operons in response to L-Hyp, the recombinant His-tagged LhpR protein was purified from an overexpression strain of E. coli and applied for EMSA to test its interactions with lhpA and lhpP promoter regions. As shown in Fig 
Multiple sequence alignment
Comparative genomics indicated the presence of lhpA and lhpR orthologues in several species of Pseudomonads (www.pseudomonas.com). Since these LhpR orthologues were highly homologous on amino acid sequences, particularly in the DNA-binding domain, one could predict the presence of a conserved LhpR operator sequence among these species. Accordingly, multiple sequence alignment was conducted for the lhpA regulatory regions from representative species. As shown in Fig. 5 , the result of sequence analysis revealed one highly conserved sequence motif that might be a potential LhpR operator site.
Analysis of LhpR operator site on the lhpA regulatory region by serial deletions
To locate the potential LhpR operator site, a series of lhpA:: lacZ fusions was constructed with serial deletions from the 5¢ end of the lhpA regulatory region (Fig. 2) , and the induction effect of exogenous L-Hyp and D-Hyp on the lhpA promoter in these fusions was measured in strain PAO1. As shown in Fig. 6 , plasmid pQLA3 with a deletion of 100 bp still retained promoter activation by Hyp, while pQLA4 with a deletion of 150 bp lost promoter activation completely.
Binding of LhpR to the same set of DNA fragments of serial deletions as described in the earlier text was also tested by EMSA (Fig. 7) . Consistent with the results of promoter measurements, no binding of LhpR to the pQLA4 probe can be detected when the region of 150 bp from the 5¢ end of full-length probe was deleted. These results suggested the presence of LhpR operator in the lhpA regulatory region, and indeed this region contains the predicted LhpR binding site as revealed by multiple sequence alignment.
Analysis of the lhpP promoter region
As genes in the putative lhpPHMNOKCG operon were found inducible by exogenous D-Hyp and L-Hyp (Table 3) , it was likely that LhpR may interact with the lhpP promoter. As shown in Fig. 4 DNA fragments with serial deletions from the 5¢ end of lhpP probe were synthesized and employed to locate the potential LhpR operator site by EMSA. As shown in Fig. 7 , the LhpR-dependent complexes can still be detected in the DNA fragment with a 200-bp deletion in the pQLP4 probe, but no complex can be observed with a 250-bp deletion in the pQLP5 probe. These results indicated the presence of LhpR operator site in the lhpP promoter region, and a putative LhpR operator site predicted by multiple sequence alignment was located in this region (Fig. 5) . The same set of DNA fragments as described earlier in EMSA was also applied to construct a series of lhpP::lacZ fusions, and the promoter activities of these constructs in PAO1 were measured (Fig. 6) . Surprisingly, deleting the first 50 bp from the distal end of lhpP (pQLP2; Fig. 2 ) was sufficient to abolish completely the induction effect of exogenous L-Hyp on the lhpP promoter, and the basal level of promoter activity in this construct as well as others with longer deletions was two-fold lower than that of the full length (pQLP1). These results indicated the importance of distal 50 bp on promoter activation, contrary to the predicted LhpR operator as described earlier. It was likely that a transcriptional factor of unknown nature may bind to its distal site and collaborate with LhpR to control the lhpR promoter in response to L-Hyp.
DISCUSSION
The hydroxyproline catabolic pathway
From the results of the transcriptome analysis, the putative lhpABEF and lhpPHMNOKCG operons were found to be inducible by exogenous L-Hyp. For lhpABEF and lhpCG genes encoding enzymes of the proposed L-Hyp catabolic pathway (Fig. 1) , we found that the first four genes in the same operon and lhpC were essential for growth on L-Hyp, while the mutant of lhpG still grew on L-Hyp as the sole source of carbon and nitrogen. These results implied the presence of redundant enzymes for the reaction catalyzed by LhpG. BLAST search against the genome of PAO1 revealed that the PA2217 gene encodes a putative aldehyde dehydrogenase exhibiting a similar size and 76 % sequence identity to LhpG.
Hydroxyproline uptake
The lhpPMNO genes encode components for an ABC transporter. Since these genes in the same operon were induced by exogenous L-Hyp and the knockout mutants exhibited growth defect on L-Hyp and D-Hyp, it is likely that this ABC transporter serves as the major route for L-Hyp and D-Hyp uptake. The observed growth defect of lhpPMNO mutants on L-Hyp was consistent with an earlier report in P. aeruginosa (Johnson et al., 2008) . It has been reported that the major uptake system for Hyp in the legume endosymbiont S. meliloti is also mediated by a Hyp-inducible ABC transporter (Maclean et al., 2009 ).
The hydroxyproline epimerases
Other than the essential Hyp epimerase LhpA (PA1268), LhpK (PA1255) was also annotated as a putative Hyp/Pro racemase (Radkov & Moe, 2013) . The physiological and biochemical functions of LhpA on Hyp catabolism have been well characterized, and it was reported that LhpK exhibited no significant epimerase/racemase activity on Hyp and Pro in vitro (Goytia et al., 2007) . However, the results from our study support LhpK as a potential epimerase for D-Hyp in vivo. As shown in Fig. 3 , D-Hyp induction of the lhpA promoter was retained in the lhpA mutant, but was completely abolished in the lhpA lhpK double mutant. As supported by several lines of evidence from this study, L-Hyp is the signalling compound for LhpR-dependent activation of the lhpA promoter. Therefore, it is likely that both LhpA and LhpK contribute to the conversion of D-Hyp to L-Hyp, which serves as the effector molecule for LhpR to activate the lhpA promoter. However, LhpA is the major epimerase as growth on Hyp was severely affected in the lhpA mutant, while the lhpK gene was not essential for Hyp utilization (Table 3 ). The epimerase activity of LhpK may not be strong enough to play a significant role in Hyp catabolism but was sufficient for gene induction.
Distinct lhp gene clusters in Pseudomonad genomes
From most updated genome annotations in the Pseudomonas website, there were 34 putative orthologues for both LhpR and LhpA, and these orthologues came from an identical list of strains in the current database. These findings strongly support the fact that LhpA-dependent epimerization and LhpR-dependent transcriptional activation are two highly conserved reactions. A careful inspection of gene functions and organizations around lhpR and lhpA in these genomes revealed three major types of distinct gene clusters (Fig. 5) based on the molecular nature of D-Hyp dehydrogenase (LhpB) and Hyp uptake system (LhpP). It has been reported that D-Hyp dehydrogenase of P. putida KT2440 is composed of one single peptide LhpB while that of P. aeruginosa PAO1 is composed of three different subunits LhpBEF (Watanabe et al., 2012) . For hydroxyproline uptake, it may be mediated by the LhpPMNO ABC transporter as in P. aeruginosa or by the stand-alone LhpP permease as in P. putida. In addition, LhpC of the first and third clusters only showed limited sequence similarity to LhpC of the second cluster, although the proposed deaminase activity has been demonstrated for both types of LhpC (Watanabe et al., 2012) . In P. putida, the lhpC mutant was unable to grow on D-Hyp and L-Hyp; however, this growth defect might be the combination of disrupted expression of downstream LhpG and LhpB for unknown reasons (Watanabe et al., 2012) . The lhpC mutant of P. aeruginosa did not grow on either D-Hyp or L-Hyp (Table 3) , supporting its essential function in Hyp catabolism.
The LhpR transcriptional activator responds to its signalling compound L-Hyp Several lines of evidence support the conclusion that LhpR is a transcriptional activator of the AraC family for the lhpA promotes. First, the lhpR mutant cannot grow on L-Hyp or D-Hyp as the sole source of carbon and nitrogen. Second, induction of the lhpA promoter by exogenous L-Hyp was abolished completely in the lhpR mutant. Third, the purified recombinant LhpR protein binds specifically to the DNA fragments covering the lhpA regulatory region. The situation in P. aeruginosa appears to be quite different from that of S. meliloti, in which L-Hyp catabolism is regulated in a negative manner by a transcriptional regulator of the GntR (FadR) family in response to the presence of D-Hyp and D-Pro as the inducer molecule (Chen et al., 2016; White et al., 2012) .
Since LhpR proteins among Pseudomonads are highly conserved, we predicted the presence of conserved LhpR operator sites in the lhp promoter regions. In an attempt to identify LhpR operator sites, multiple sequence alignments were conducted with the lhpA promoter sequences from PAO1 and representative strains from three different gene clusters (Fig. 5) . As the lhp genes in P. protegens (cluster #3) were organized into two divergent operons, the nucleotide sequences of both strands in this divergent promoter region were included for analysis. As shown in Fig. 5 , a sequence motif was found highly conserved in these regulatory regions. Two copies of this sequence motif can be found in the lhpC-lhpA divergent promoters of P. protegens with one copy on each DNA strand. The potential role of this identified sequence motif as LhpR operator was demonstrated by the measurements of lhpA::lacZ fusions and EMSA with serial deletions (Figs 6 and 7) .
The lhpP promoter of PAO1 may control expression of eight more lhp genes in one putative operon that was inducible by exogenous D-Hyp and L-Hyp (Table 2) . One would predict the presence of LhpR operator in this promoter region. Indeed one copy of the LhpR operator motif was found in the lhpP promoter region on the antisense strand. Binding of LhpR to this operator site was supported by the results of EMSA (Fig. 4) . However, serial deletion analysis of promoter activities indicated the importance of the first 50 bp on promoter activation, other than the predicted LhpR operator site. Inspection of the lhpP regulatory region led us to identify a putative RpoN promoter overlapping the LhpR operator site. These features strongly suggested that the molecular mechanism in control of the lhpP promoter could be more complicated than that of lhpA.
In conclusion, we have identified two lhp operons that are important for catabolism and uptake of D-Hyp and L-Hyp. Induction of these two operons by exogenous Hyp requires LhpR to serve as a transcriptional regulator, and L-Hyp most likely is the effector molecule of LhpR. The consensus sequence of LhpR operators was deduced from comparative genomics and multiple sequence alignments, and the function of LhpR operator in activation of the lhpA promoter of PAO1 was demonstrated by serial deletions.
